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Conversion Factors, Non-Sl to
Sl Units of Measurement

Non-SI units of measurement used in this report can be converted to SI units
as follows:

[IMuniply By To Obtain

I acres 4046.8564224 squar meters
cubic feet 0.02831685 cubic meters

| Fahrenheit degrees 5/9 x F-32 Celsius or Kelvin'
| feet 0.3048 meters

| inches 0.0254 meters

"pound (force) inches 0.1129848 newton meters or joules
"miles (U.S. statute) 1.609347 kilometers
"pounds (force) per square foot | 47.88026 pascals

"pounds (mass) 0.4535924 kilograms

"tons 0.9072 kilograms

' To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use this following
formula: C=(5/9) (F - 32). To obtain Kelvin (K) readings, use: K= (5/9) (F - 32) + 273.15.
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1 Introduction

Background

The Site Characterization and Analysis Penetrometer System (SCAPS) has
proven to be a cost-effective, versatile tool for rapid subsurface screening of
contaminated sites. Since the fielding of the first SCAPS vehicle at the
U.S. Army Engineer Waterways Experiment Station (WES) during 1990, the
Tri-Service SCAPS fleet has grown to seven vehicles (four Army and three
Navy). In addition, the Department of Energy (DOE) operates two SCAPS
vehicles, the Environmental Protection Agency (EPA) operates one SCAPS
vehicle, and private contractors, under licensing agreements, operate a number of
SCAPS technologies that support Department of Defense (DoD), DOE, and EPA
site characterization efforts.

The basic SCAPS platform consists of a 20-ton’ truck equipped with vertical
hydraulic rams capable of pushing a cone penetrometer (CPT) into the ground at
a speed of 2 cm/sec to depths of over 50 m in nominally consolidated soils.
During a push, SCAPS is capable of collecting subsurface stratigraphy data with
spatial resolutions of 2 cm, as well as chemical contaminant data by means of
sensors and samplers incorporated into the penetrometer head. The initial
application of SCAPS technology was to characterize sites contaminated with
heavy petroleum, oils, and lubricants (POLs) by means of a laser induced
fluorescence (LIF) sensor (Lieberman et al. 1991). Successful fielding of the
LIF technology led to increased interest in expanding SCAPS capabilities to
address other contaminants (Cespedes, Miles, and Lieberman 1994).

In 1994 the Strategic Environmental Research and Development Program
(SERDP) funded a Tri-Service effort to accelerate the development and testing
of advanced sensors and sampling technologies for SCAPS to allow
characterization of sites containing explosives, metals, volatile organic
compounds (VOCs), light POLs, and radioactive wastes (SERDP 1995). The
project was funded for 4 years, but work continued until the end of Fiscal Year -
(FY) 1998. The objective of this report is to document the progress and

1 A table for converting Non-SI to SI units is presented on page xiii.
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accomplishments that resulted from the SERDP-funded Tri-Service SCAPS
Accelerated Sensor Development project.

Project Management Overview

Dr. Emnesto Cespedes, WES, was responsible for the overall management and
execution of the SERDP-funded Tri-Service SCAPS Project. In addition to
coordinating and overseeing the wide variety of research tasks, Dr. Cespedes was
also responsible for providing monthly financial and detailed quarterly progress
reports to the SERDP Executive Office and for presenting technical and program
briefings at numerous SERDP-sponsored events. The SERDP Executive Office
and the Scientific Advisory Board (SAB) evaluated the progress of the SCAPS
projects during yearly In-Process Reviews. In addition, the SAB recommended
that an independent Peer Review Panel be established to evaluate the SCAPS
project on a yearly basis and recommend changes and redirection of specific
technology development efforts. The Peer Review Panel met three times during
the life of this project. During the course of the project, a number of efforts
were modified, accelerated, deleted, and/or added at the direction of the SAB
and the Peer Review Panel and with the concurrence of the SERDP Program
Office. These changes are described in detail in the appropriate chapters of this
report. The yearly Peer Review Panel meetings included government, industry,
and academic researchers and SCAPS users, and provided a forum for
information exchange with others outside of the SERDP program.

The Peer Review Panel was composed of the following members:

Dr. Jeff Marqusee

Office of Deputy Under Secretary of Defense
for Environmental Security (ODUSD (ES))
3000 Defense Plaza

Washington, DC 20301-3000

Dr. Caroline Purdy and Mr. Eric Lightner
U.S. Department of Energy

Office of Science and Technology, EM-50
19901 Germantown Road

Germantown, MD 20874-1290

Dr. Greg Rosasco

Chief, Process Measurement Division

National Institute of Standards and Technology
Chemical Science and Technology Laboratory
Gaithersburg, MD 20899
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Dr. Carl Enfield

Robert S. Kerr Environmental Research Laboratory
U.S. Environmental Protection Agency

919 Kerr Research Drive

Ada, OK 74820

Project Technical Overview

The Tri-Service Accelerated SCAPS Sensor Development Project was
initially composed of seven 6.2 Applied Research areas as follows:

a. Laser Induced Breakdown Spectroscopy (LIBS) sensor development for
detecting metals in soils.

b. LIF sensor development for detecting
(1) Lighter POL contaminants
(2) Explosive contaminants

c. Fiber Optic Raman Sensor (FORS) development for detecting volatile
organic compounds (VOC) (Light nonaqueous phase liquids (LNAPLS)
and dense nonaqueous phase liquids (DNAPLS)).

d. Electrochemical sensors for detecting
(1) Explosive contaminants
(2) VOCGCs

e. Spectral Gamma probe for detecting radioactive waste.

f- SCAPS sampler development
(1) Thermal desorption VOC sampler
(2) Multiport sampler

g. Data processing methodologies to provide onsite three-dimensional (3-D)
visualization and to interface emerging sensors into the SCAPS data
acquisition, processing, and visualization systems.

In addition to these seven 6.2 Research Areas, there was a 6.3 Technology
Demonstration task component which was managed by Mr. George Robitaille,
U.S. Army Environmental Center (AEC), who also served as the Tri-Service
SCAPS coordinator responsible for facilitating the validation, certification, and
transfer of new technologies to SCAPS users.

The technical portions of this report are organized into seven chapters which
describe the progress achieved in each of the first six research areas listed above
as well as the X-Ray Fluorescence (XRF) sensor development effort which was
added after the second Peer Review Panel meeting. The contributions of
research area VII - Data processing methodologies, and of the 6.3 Technology
Demonstrations have been incorporated into the appropriate technology chapters.
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2 Research Areall: Laser
Induced Breakdown
Spectroscopy (LIBS)

By:  Brian H. Miles, WES
Gregory A. Theriault, SPAWAR
Javier Cortes, WES

Introduction

The focus of this research area was to develop and evaluate LIBS sensors for
the delineation of metal contamination in soils. Under SERDP support, two
parallel approaches for the implementation of LIBS technology for SCAPS
applications were investigated. WES developed a downhole laser LIBS (DL-
LIBS) probe while the Space and Naval Warfare Systems Command (SPAWAR
(formerly NRaD)) developed a fiber-optic LIBS (FO-LIBS) probe to reduce
technical risks. As a result, two types of SCAPS LIBS probes were designed,
fabricated, evaluated, and both were transitioned to the Environmental Security
Technology Certification Program (ESTCP) for Demonstration/Validation.

There are several physical differences between the two probes. First, the
DL-LIBS probe utilizes a laser within the probe, while the FO-LIBS probe’s
laser is in the SCAPS truck. The DL-LIBS probe incorporates a recessed
window, while the FO-LIBS window is in contact with the soil. While both
probes rely on optical fibers to bring plasma light from downhole to the surface,
the FO-LIBS probe utilizes a single fiber to transmit laser light and to receive
plasma light from the sample. The DL-LIBS acquires data during probe
retraction, while FO-LIBS typically acquires data during the push phase. The
DL-LIBS probe incorporates an integrated microwave soil moisture sensor, and
both probes utilize geophysical sensors to provide subsurface soil classification

(i.e., stratigraphy).

The LIBS technology is well suited for in situ SCAPS measurements because
it requires no sample preparation and can be performed with only optical
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interrogation of the sample. In a typical LIBS measurement, the high-powered
infrared emission from a pulsed Nd:YAG laser is focused to a small spot,
generating power densities in excess of several GW/cm?. Under these
conditions, ablation and ionization of a small amount of the sample material
occurs. The subsequent atomic emission of the plasma constituents can then be
spectroscopically analyzed. The time-resolved spectral emission of the LIBS
plasma is initially characterized by a broadband continuum due to
Bremsstrahlung and recombination radiation. As the plasma cools, this
broadband background decays leaving atomic emission lines at discrete
wavelengths that characterize the thermally excited elemental species that were
present in the plasma. By using a time-gated detector, the atomic emission can
be separated from the broadband background and concentrations of the emitting
elements can be quantified.

Laboratory Development

DL-LIBS laboratory development

The initial phase of the effort conducted by WES researchers consisted of
laboratory experiments to collect LIBS signatures of heavy metals in solid form,
in dissolved aqueous solutions, and in soil samples. Laboratory investigations
were conducted on metal spiked sand, silt, and clay soils at three different
moisture contents. Results of this research indicated that fine grain soils produce
a weaker LIBS signal than large-grain soils with the same contaminant
concentration. Similarly, moist soils displayed weaker signals than dry soils, and
moist soils required higher irradiances to achieve breakdown than dry soils.

Each acquisition of a single LIBS spark requires integration of the spark light
using a gated detection system. Early research sought to understand how to
choose the best parameters for acquisition. The detection parameters including
integration time and delay needed to be determined. Figure 1 displays a plot of
the temporal history of LIBS spectra of solid lead. At the earliest times (rear
most trace in figure) after the plasma creation, the plasma’s spectrum is intense
and similar to that of a blackbody. As the plasma cools, the blackbody
component of the radiation decays and atoms return to their ground states. As
the atoms transition to lower quantum states, light is emitted proportional in
wavelength to the energy difference between the quantum states. Within Figure
1 are 50 spectra of LIBS plasmas formed on solid lead. The rearmost spectrum
is at an early time after plasma creation (130 ns). Note the high baseline
intensity of the early spectra. Each subsequent spectrum is separated by 50 ns
(i-e., the second spectrum from the rear was collected at 180 ns after plasma
creation). Note the emergence of the 405.783-nm lead peak as time increases.
From a quantitative standpoint, signal-to-noise is improved if the onset of peak
integration is delayed until the blackbody component has died down but while
the emission peak is still strong. The duration of the integration is typically
several us to ensure that all of the metal emission line is recorded. The
integration delay utilized in the DL-LIBS probe is typically set at approximately
220 ns, while the integration time is approximately 80 us.
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Figure 1. Temporal evolution of LIBS plasma of lead

Laboratory studies were conducted in soil matrices of Yuma sand and sea
sand provided by the Fisher Scientific Company. The chemicals used were
water-soluble compounds with the exception of mercury where an acetone-
soluble compound was used. A solution of HgCl, and acetone was used to
prepare the Hg samples. All the samples were certified by WES analytical
laboratory. ,

WES laboratory instrumentation consisted of an excitation laser, focusing
optics, spectrometer, control electronics, and data acquisition hardware. The
excitation laser is an Nd:YAG Continuum Surelite 20 laser operating at a
wavelength of 1,064 nm. The spectrometer is an Instruments S.A. model HR
640, which has a focal length of 640 mm with a 2,400-groove/mm grating. A
Princeton Instruments intensified 1,024-element photodiode array controlled by
Princeton Instruments PG-200 programmable pulse generator was used to
acquire the diffracted spectra. A bundle of 19 optic fibers, 1 m long, transmits
the light from the laser spark to the spectrometer.

The optimum parameters for WES laboratory instrumentation were
determined to be: laser power of 100 mJ, integration delay of 350 ns, integration
width of 100 us, and entrance slit width of 10 «m. The detection limits analyses
were performed by integrating the area below the peak of a metal of interest and
rationing against the area of a large background peak in the same spectral region
(usually an Fe peak). The standard deviation and the average value were
calculated for each sample. The average ratio value of each metal was plotted
against its certified concentration. A least squares fit was conducted and the
slope was obtained from the data for each metal. The lower detection limit was
calculated using the relation.
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where
D, =lower detection limit (concentration)
Std = standard deviation of the lowest concentration used
M =slope of calibration curve

The University of Nebraska-Lincoln (UNL), under SERDP support through
WES, performed LIBS research to validate and extend WES results. The UNL
conducted similar experiments in sand, silt, clay, and kaolin. In this study, the
intensity of the contaminant lines were ratioed to the intensity of a silica line or
titanium line present within the same spectrum. The metals of interest and their
respective emission lines analyzed were: As at 278.02 nm, Cd at 479.99 nm, Cr
at 425.44 nm, Hg at 435.83 nm, Pb at 405.78 nm, and Zn at 481.05 nm. The

* combined detection limits results for both WES and UNL studies are presented

in Table 1. '
Table 1
Lower Detection Limits For As, Cd, Cr, Hg, Pb, and Zn in Soils,
ppm

WES Research " UNL Research

Element Yuma sand | Fisher sea sand | Sand Silt Clay Kaolin
As * * 530 ? ? ?
Cd * 1.1 3.3 160 360 830
Cr * 1.6 0.4 74 73 83
Hg * 3.8 11 1,800 1,100 ?
Pb 9.1 3.3 14 150 210 340
Zn * 1.0 1.6 190 510 ‘300
Note: * = not used; ? = could not be determined from data.

From these laboratory measurements, it was determined that LIBS was
capable of meeting and exceeding regulatory action levels for most toxic metals
in soils. Thus, efforts were directed to implement LIBS technology in a SCAPS
probe. It should be noted that the high mercury detection limits observed by the
UNL researchers in silt and clay were later determined to have been caused by
contaminant evaporation during drying which significantly decreased the
contaminant concentrations of the spiked samples. From these experiments, it
was also determined that breakdown can be generated over dry soil with as little
as 10 mJ, but that higher laser power provided better signal-to-noise ratio while
sampling a larger amount of soil per laser shot (thereby reducing shot-to-shot
variability). It was also determined that high spectral resolution was required in
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order to separate emission lines of metal contaminants from background
interferences attributed to the soil matrix.

FO-LIBS laboratory development

Shortly after receipt of initial SERDP funding in FY94, and prior to prototype
probe fabrication, the SPAWAR team simulated and tested the essential
elements of an FO-LIBS based cone penetrometer probe using the laboratory
configuration shown in Figure 2. The laser used was a Continuum NY61
Nd:YAG laser operating at 1,064 nm at 10 Hz at a pulse width of 20 ns. The
intensity of the linearly polarized laser output was varied while maintaining a
constant pulse width by the use of a half waveplate and beamsplitter combination
mounted on the laser bench. The laser energy was monitored by the use of a
beamsplitter to divert part of the beam to an energy meter. The majority
(95 percent) of the laser light passed through the beamsplitter and was focused
onto the face of a single 600 »:m fused silica core fused silica clad optical fiber.
The laser light passed through the excitation fiber and was reflected by a mirror
that was highly reflecting at 1,064 nm and highly transparent from 400 to 600
nm. The excitation beam was focused by an f-number 0.63 aspheric lens onto a
soil sample that was spiked with known quantities of a selected metal. The spot
size at the sample was calculated to be 200 nm.

GATE TRIGGER
s

FIBER OPTIC
BUNDLE

LASER SYNC PULSE

DICHROIC
MIRROR

BEAMSPLITTER
LENS

FIBER OPTIC
CABLE

TURNTABLE

Figure 2. FO-LIBS laboratory verification configuration
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Because the elemental emission from the metal contaminant on the vaporized
soil sample was at a shorter wavelength (i.e., Pb 405.78 nm) than the excitation
wavelength, it could be collected by the aspheric lens and focused through the
dichroic mirror onto a 10-m-long bundle of five fibers. The output of the five-
fiber bundle was arranged in a line and focused and f/# matched onto the input
slit of a Spex 750M spectrometer. The spectrometer dispersed the spark
emission over an EG&G 1420 gated intensified linear photodiode array (PDA).
The PDA detector was controlled by an EG&G 1460 optical multichannel
analyzer system. The timing of the detector gate was slaved to the sync pulse
from the laser. The duration of the detector time gate pulse was 1 usec, and it
was applied after the broadband background light had decayed.

It was observed that the spark incident on the soil sample during the
measurement created a significant shock that effectively displaced sand from the
focal region of the aspheric lens. This variation of the soil surface position with
respect to the focal point of the lens had the effect of varying the power density
at the sample significantly. To ensure that a new sample was presented to the
detector for each laser shot and to minimize the variation of the sample position
with respect to the focal point of the aspheric lens, the soil sample was rotated on
a turntable and simultaneously agitated. Typically, the emission spectra from
1,000 sparks were accumulated. This experimental procedure had the desired
effects of reducing shot-to-shot variations in system response due to soil
displacement and presenting a larger volume of sample to the detector for
averaging of spatial inhomogeneities.

Using the laboratory configuration represented in Figure 3, the concept of
using fiber-optic beam delivery and collection in a LIBS probe was proven. The
detection capability possible with a fiber-optic probe was demonstrated to be
generally at or below EPA site screening requirements. Additionally, several
key variables related to probe design and use were identified including lens-to-
sample distance, soil grain size, soil moisture content, fiber damage
characteristics, and soil spark initiation threshold.

Probe Design
DL-LIBS probe

Based on the technical risks associated with the optical fiber power handling
limits, and in view of the signal-to-noise advantages associated with high laser
irradiances on the soil sample, the development group at WES chose to use a
laser in the probe rather than fiber illumination. WES developed a SCAPS probe
that incorporated a compact 80 mJ pulsed laser in collaboration with Los Alamos
National Laboratory and Kigre Corp.

There are several advantages to using a laser in the probe. If the laser is in
the probe and no fiber is used for transmission of the laser pulse to the soil, then
diffraction limited spot sizes can be achieved. The diffraction limited spot size
results in plasma irradiances of over 1,000 GW/cm? compared to 10 GW/cm? for
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Figure 3. FO-LIBS laboratory verification configuration using fiber-optic beam
delivery and light collection

a multimode fiber illuminated system. The higher irradiance leads to a hotter
plasma, yielding a stronger signal and more complete ionization of the soil
sample.

A second concern in the design process was the output window. Early work
indicated that if the probe laser output window and soil are in contact, the
formation of the plasma at the interface can damage the window. Damage to the
window varies from minor surface pitting (similar in appearance to pitting on an
auto’s windshield from small stones) to complete fracture of the window into
several pieces. A fractured or pitted window will provide signal attenuation that
exhibits a complex dependence on the degree of pitting of the window. If the
same portion of the window is used for transmitting and receiving, then clearly
the laser and the plasma will both be attenuated. Furthermore, the quartic
spectral dependence on scattering with respect to light frequency indicates how
the relative line strengths will be affected. Specifically, as window condition
worsens, the shorter wavelengths will scatter much more (4th power) than the
longer wavelengths.

In light of these experiences, the WES development team decided to design a
probe with a recessed window. A steel sacrificial sleeve was added to the design
to protect the window during the push. After reaching the desired depth, the
sleeve drops away and exposes the recessed window.

The fracturing problem was avoided by providing a separation between the
soil and output window, allowing for very low irradiance values at window
surfaces (~0.01 GW/cm?) and eliminating the chance of damage. Comparison of
various operational scenarios led to selection of a recessed window which would
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allow operation during probe retraction. A slot with a gradual slope was chosen
to minimize clogging. After the successful testing of a 1:2-scale model of this
geometry, a full-scale probe was designed using the recessed window and slot
geometry configuration. The probe diameter served to prepare the soil and
define the separation between the soil wall and window. Note that different soil
types (e.g., expansive clays) may expand to reduce the window-soil offset. This
expansion is usually small and inconsequential for a delivery system having a
large depth of focus. A large depth of focus and high-pulse peak irradiance
ensure that minimum breakdown thresholds are maintained for slight offsets in
the window-soil standoff distance.

A detailed closeup view of the slot geometry housing the recessed window is
shown in Figure 4. The laser output window is below the snap ring. The optical
receive fiber (small bright spot just above right of window) is illuminated from
uphole for demonstration purposes. The larger bright item above and to the right
of the window and flush with the probe surface is a locking screw. The
sacrificial sleeve is slid down a bit and shown at bottom left. The probe tip is
out of the picture at bottom left, and for scale, the window is 1 cm in diameter
and the illuminated fiber image is approximately 1 mm in diameter.

Figure 4. Closeup view of recessed window area and slot geometry of DL-LIBS
probe
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Based on WES experience and published results, soil moisture and soil grain
size significantly affected the LIBS signal. WES developed sensors for these
parameters in a LIBS system in the attempt to create a multisensor LIBS metals
detection system. In the absence of such information, a LIBS sensor alone could
record equivalent signals from a highly contaminated wet clay and a slightly
contaminated dry sand due to the dependencies previously mentioned.-

The DL-LIBS probe uses a cone and sleeve soil classification sensor that
yields estimates of average grain size for soils encountered during probe
pushing. A handheld microwave soil moisture instrument was modified and
incorporated into the DH-LIBS probe. The entire DH-LIBS probe, including the
soil moisture sensor, is shown in operation in the SCAPS truck in Figure 5. Note
the sacrificial sleeve has been removed for the photo and is located near the
probe tip. The recessed window geometry can be seen above the soil moisture

electrode rings.

Figure 5. DL-LIBS probe including soil moisture
and stratigraphy sensors, shown
installed in SCAPS truck
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During the push phase a dedicated Windows-based program acquires
volumetric soil moisture information as well as soil stratigraphy information.
The cone and sleeve sensors used for stratigraphy are visible at the far right of
the conceptual block diagram in Figure 6. The moisture sensor electrodes and
microwave electronics board are just to the left of the soil class sensors in the

same figure.
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Figure 6. Block diagram of DL-LIBS probe and associated components

The retract operation sequence and timing as well as the other components
involved (Figure 6) are detailed as follows: The laser (e.g., a 1.25-in.- diam,
15-in.-long, 80 mJ Nd: YAG laser) provides the master timing control for the
system. When the laser is fired, a portion of the energy bleeds through the
dielectric coated turning mirror and the Nd:YAG laser line filter and illuminates

. a PIN photodiode. The majority of the energy is focused on the soil wall
creating a plasma. A portion of the plasma light is conveyed uphole to a Czerny-
Turner spectrometer equipped with a microchannel plate intensified charge
coupled device (CCD) array. The electrical pulse from the PIN photodiode
travels uphole to a trigger circuit that defines the CCD integration time and
integration delay. The trigger circuit then instructs the PC to read out the CCD.
The data are acquired via a Windows-based program developed at WES. This
program provides peak detection capabilities, indicating which atomic element is
present, as well as an indication of confidence in peak labeling.

FO-LIBS probe

The first prototype FO-LIBS probe, shown schematically in Figure 3, was
built in FY 96 and based on lessons learned during FY94 and FY95 using a
laboratory prototype system. In this scheme, the Q-switched output of an
Nd:YAG laser operating at 30 Hz at 1,064 nm is delivered via a single fused-
silica fiber to the probe. Sample power densities of greater than 10 GW/cm?®are
available using fiber-optic delivery of the laser light, while the spark initiation
threshold on dry soil is typically less than 0.5 GW/cm®.
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To ensure reliable and repeatable long-term operation of the system, an initial
concern was the power handling capability of the fused-silica fiber. To achieve
a comfortable margin in power density over the spark initiation threshold at the
sample, without exceeding the power handling capabilities of the optical fiber
(1-5 GW/cm?), a low f/# optical system (typically f/# ~1) is required. This
minimizes the size of the focused image of the optical fiber face on the sample
but introduces a high dependence of the sample power density on the lens-to-
sample distance, as shown in Figure 7.
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Figure 7. Dependence of sample power density as a function of lens-to-sample
distance

The initial design used to keep the sample-to-lens distance fixed to within a
small tolerance incorporated a disposable optical window at the sample/probe
interface as shown in Figure 8. In this design, the light emitted from the fiber is
collimated, turned by a quartz prism, and focused by a short-focal-length quartz
lens through a sapphire window in the probe. Since the soil is pressed against.
the window, the lens-to-sample distance is held fixed. Contamination is not an
issue because the probe is entirely sealed, allowing for operation below the water
table. The symmetry of the single-fiber design for both excitation delivery and
emission collection is advantageous because the fiber is self-aligned. This
configuration avoids any alignment difficulties that could be present in a probe
with a multiple-fiber design. The choice of a 90-deg prism rather than a mirror
to turn both of the collimated beams (IR excitation and the UV/visible emission)
is robust in terms of damage threshold. A prism can also be used in widely
separated spectral regions without component substitution. This is an attractive
feature, because LIBS can be used for simultaneous analysis of multiple
components.

After several thousand laser pulses, it was observed that the sapphire window
is pitted by the LIBS spark causing reduced window transmission. To minimize
the effect of this pitting on the integrity of the in situ data, the spark is
repositioned on the window surface by scanning the fiber and focusing optics
using the modified probe design shown in Figure 9. The design, built in FY 96,
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Figure 8. Initial FO-LIBS beam delivery/collection design
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Figure 9. Modified FO-LIBS scanning beam delivery/collection design

incorporates two stepping motors to drive a block that houses the optics. The
design provides for two-axis control of the position of the spark on the window
surface. Because of the relatively small size of the focused spot compared to the
size of the sapphire window, the number of discrete positions available is in
excess of 1,000.
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The excitation and emission light are decoupled using the configuration
shown in Figure 3. The excitation beam is focused by a 25-cm focal length lens
through a 2-in. aluminum mirror containing a small hole at 45 deg. Since the
returning LIBS signal fills the entire numerical aperture of the fiber, most of the
return signal is turned 90 deg by the mirror with only a small loss (~5 percent)
through the hole. Like the probe design, this configuration is robust and can be
operated over a large spectral range to allow the analysis of different spectral
regions with no system adjustment or component substitution.

The spark emission is fiber-optically coupled to a spectrograph that disperses
the light onto a time-gated, intensified, linear photodiode array detector (EG&G
model 1420). The time gating of the detector during data collection is crucial
due to the initial broadband background continuum created during the evolution
of the plasma. Resolution of the signal from the metal emission is enhanced by
delaying the application of the gate pulse to the detector until after the short-
lived broadband background has decayed. The duration of the gate pulse is
chosen to correspond with the duration of the metal emission to optimize the
signal-to-noise ratio. Each measurement is the result of a few hundred single-
shot spectra accumulated in the memory of the optical multichannel analyzer
detector controller (EG&G OMA model 1460). Because signal averaging tends
to reduce the detection limit of the system, the actual number of shots used for a
given situation can be chosen to yield the required detection limit in the
minimum amount of time.

FO-LIBS Probe Laboratory Investigations

To estimate the detection limits of the FO-LIBS probe with respect to the
USEPA site screening levels (SSLs) and to measure the effects of variable grain
size and moisture content on the probe’s efficiency, laboratory measurements
were performed on several contaminated soils.

Measurement standard deviation. In this study, detection limits are
specified with a 99-percent confidence level by the 3S/m convention, where S is
the measurement standard deviation and m is the slope of the concentration vs.
detector response curve. The relative standard deviations obtained were
typically in the 10-percent range when 100 shots were averaged. A plot of the
standard deviation of the LIBS measurements as a function of the number of
laser shots averaged per measurement is shown in Figure 10.

In this study, 10 samples were averaged of measurements involving 1, 5, 10,
50, and 100 shots per measurement. Predictably, the standard deviation
decreases as the square root of the number of laser shots. Because of the high
standard deviation for a single laser shot per measurement, averaging of
hundreds of shots is typically required. Because the repetition rate of the
Nd:YAG laser is 30 Hz, a measurement with a standard deviation in the range of
10 percent or less is obtainable in a few seconds.
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Figure 10. Standard deviation of LIBS measurement as a function of the
number of laser pulses averaged

Measurement slope. The FO-LIBS probe is subject to matrix effects that
scale with grain size. Figures 11 and 12 show representative examples of the
results of probe calibration studies on Pb and Cr in which the grain size was
varied from 800 .m down to less than 106 «m. It is observed that the slope
decreases with grain size. One explanation of the variation of detection limit
with grain size involves a consideration of the soil surface area over which the
contaminant is spread. Because a fine-grain material has a larger total surface
area per unit mass than a coarse-grain material, the total surface over which
equal contaminant concentrations by mass are dispersed is larger for the fine-
grain material and smaller for the coarse-grain material. This results in a thicker
surface layer of contamination on coarse-grain materials. Since the LIBS
measurement uses a fixed spot size to essentially ablate the contamination on the
surface of the grains while exciting the plasma, there is an overall larger volume
of contaminant in the plasma for coarse-grain materials. Because of this effect,
the detection limits on fine materials, such as clays, are higher than the detection
limits on coarse materials, such as sands. The detection limit dependence on the
grain size is summarized in Table 2.
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Figure 11. FO-LIBS probe calibration curves as a function of grain size for lead
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Table 2
Grain Size Effects on FO-LIBS Detection Limits
Metal EPAs SSL <106 mm 250-300 mm 600-800 mm No. shots
Lead 400 53.1 13.5 0.7 200
Cadmium 6 306 24.8 19 500
Chromium 19 31.3 10.7 5.2 300
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Water Effect

The sensitivity of the probe is reduced by the presence of water on the
sample. A plot of the response vs. Pb concentration for the 600- to 800-.m
sieved sand for a 200-shot average is shown in Figure 13. The detection limit is
increased from 0.72 ppm on dry sand to 444 ppm on wet sand (2g H,O per 15g
sand). Since SSL of the EPA is 400 ppm for Pb in soil, the LIBS probe will
likely be capable of achieving the SSL in this matrix by use of further signal
averaging as previously discussed. '
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Figure 13. FO-LIBS probe calibration curve for wet sand

Discussion

Matrix effects affect all in situ measurement techniques. The prime benefits
of cone penetrometer-based techniques are that the measurements are done in
situ and the results are available onsite in near real-time. As a result, onsite
decisions can be made as to the best course of action in the site delineation
process. The use of LIBS technology for the purpose of field screening places
emphasis on the timeliness of the measurements. This is in contrast with the
approach of most analytical techniques, which avoid the problem of matrix
effects by removing the matrix, by acid digestion or solvent extraction, at the
expense of time.

Since LIBS cone penetrometer testing (CPT) technology will be used
primarily as a site-screening tool, a number of factors affect calibration and
interpretation of LIBS sensor results. First, as demonstrated by FO-LIBS data
gathered on sieved laboratory samples (rather than naturally occurring mixtures
of fine- and coarse-grain materials), Table 2 presented an extreme range of
variation of the detection limit with grain size that is not likely to be encountered
in the field. Second, calibration considerations must be tempered by the fact that
LIBS is most sensitive in sands, the regions of the soil with the highest hydraulic
conductivity. As such, sands pose the highest threat to ecology, groundwater,
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and human health by contaminant transport and bioavailability. With this in
mind, even with no calibration for grain size variation, a larger signal can be
interpreted as a larger threat due to either a relatively small concentration in a
coarse matrix or a relatively high concentration in a fine matrix.

It is clear that to obtain the most quantitative results from the LIBS probe,
information on soil grain size and soil moisture must be used to calibrate the
results. We anticipate two approaches to in situ grain size calibration. The first
involves the use of information gathered by strain gauge sensors that are
mounted on the probe ( i.e., the cone tip and sleeve sensors). A method is
immediately available for determining soil type by use of an algorithm relating
probe tip pressure to sleeve friction and has been used with other sensors in the
SCAPS sensor development program. The strain gauge technique can be
visualized as a volumetric average of the grain sizes present in the vicinity of the
probe. These measurements are currently made by the cone and sleeve sensors
incorporated into the LIBS probes to help account for grain size effects on the
LIBS signal. Because of the small spot sizes that are used in the LIBS probes, a
calibration technique that provides finer-scale grain size information is expected
to improve the quantitative capabilities of the probe. An effort is currently
underway at SPAWAR to incorporate a downhole CCD camera into a CPT
probe which, when used in conjunction with particle size analysis software, is
expected to provide a second, improved calibration technique. The results of
comparisons between these two calibration techniques will be the focus of future
field work.

Likewise, there are two possibilities for calibration of probe response with
changing water content during operations that penetrate the water table. First,
the depth of the water table can be measured with a well and calibration of the
data can be performed assuming a dry soil above the water table, a saturated soil
below the water table, and a modeled capillary fringe. Second, moisture can be
measured directly by auxiliary sensors installed in the probe. The DL-LIBS
probe embodies the second approach by incorporating a microwave volumetric
soil moisture sensor developed at WES. In parallel with the in situ camera effort
for grain size, an effort is underway at SPAWAR to incorporate a moisture
sensor into the CPT probe to make in situ determinations of water content. The
eventual incorporation of this water sensor will provide a second alternative to
data calibration in the presence of water and is expected to further improve the
quantitative capability of the probe, particularly in the capillary fringe region.

Field Investigations

DL-LIBS probe

The first DL-LIBS probe was fabricated at WES during FY96. The first
system check out was performed at WES in early August 1996. Prior to
installation in the SCAPS truck, basic laboratory system operation tests were
performed to ensure system operability. During FY96-97 the DL-LIBS probe

Chapter 2 Research Area |: Laser Induced Breakdown Spectroscopy (LIBS)




underwent field investigations at WES, Louisiana Army Ammunition Plant
(LAAP), Joliet Army Ammunition Plant (JAAP), Illinois, Red River Army
Depot (RRAD), Texas, and Keesler Air Force Base (AFB), Mississippi.
Naturally occurring chromium was verified at WES, while chromium
contamination was verified in a sludge landfill at LAAP. Lead azide was the
target metal at JAAP while particulate lead was the target at RRAD and Keesler
AFB.

Perhaps the most interesting of all of these tests was the Keesler AFB firing
range. Sixteen penetrometer pushes were made at a small-arms firing range at
Keesler AFB. The area tested was at the base of an earthen bullet impact berm
(Figure 14) which stopped bullets from two parallel firing ranges. The area
investigated overlapped both firing ranges including an intermediate “dead” zone
where no bullets impacted. In reference to the figure, when facing the impact
berms the left berm is barren and is in the upper right of the figure. The tall
grassy area seen at top right of Figure 14 is the dead zone, while the right impact
berm is just outside the center and bottom right of the figure. Three parallel
rows of flags can be seen indicating the location of the pushes. If little leaching
of lead occurred, one would expect the contamination to be primarily near the
surface. Furthermore, intuition would indicate (and results should show) a
“dead” zone with little or no lead contamination between the two firing ranges.
Figure 15 displays a calibrated and interpolated color-coded subsurface volume
plot of lead concentration. It is clear, as was theorized, that the bulk of the
concentration is in two regions, separated by the dead zone mentioned. The data
acquired indicate that lead contamination is shallow, within the upper 3 ft of soil.
The depth dimension is exaggerated for clarity and covers just 5 ft; the longest
dimension is parallel to the three rows of flags and covers 82 ft (top to bottom in
Figure 14) and the across-row distance is 12 ft (left to right in Figure 14). WES-
developed visualization software was used to produce Figure 15.

FO-LIBS probe

The scanning fiber-optic LIBS probe was evaluated during FY97 at three
sites contaminated with lead as well as several uncontaminated sites near San
Diego. Probe operation is controlled by a windows-based software package that
was developed during FY94 and FY95. The three contaminated sites were a
former shooting range at San Diego Naval Training Center, a former submarine
battery dump at Mare Island Naval Shipyard, and a former explosives
manufacturing site at JAAP. In each case, a site-specific calibration curve was
prepared to calibrate the FO-LIBS sensor response for typical soil conditions
(i.e., soil type and moisture content) encountered at the site.

Two pushes were completed at the San Diego Naval Training Center shooting
range with lead hits occurring in the top 2 ft of soil at concentrations in the range
of 0 to 1,500 ppm. At this site, the Pb is distributed inhomogeneously, consistent
with lead bullet debris, with the highest concentrations occurring at or near the
surface. A typical Pb spectrum from the site is shown in Figure 16.
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Figure 14. Small-arms firing range used as a DL-LIBS investigation site, Keesler AFB

Figure 15. Lead contamination plot of the
subsurface, Keesler AFB
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Figure 16. Typical spectra of lead taken at the San Diego Naval
Training Center investigation site

An FO-LIBS field investigation was conducted at a lead battery dumpsite at
Mare Island Naval Shipyard in July 1997. The distribution of the battery waste
at the site was inhomogeneous and several hot spots consisting of plastic battery
casings and metal were evident at the surface. A typical transect characterizing
one of these areas is shown in Figure 17. In this figure, six CPT pushes were
conducted on 1-ft centers with 1-in.-depth resolution, and the concentration of
lead vs. depth was plotted. The distribution is consistent with acidic runoff from
discretely located leaking batteries. The concentration was extrapolated usmg
the intensity of the 405.78-nm lead emission line.
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Figuré 17. Lead concentration as a function of depth for six pushes at the Mare
Istand Naval Shipyard, San Diego, CA
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A field investigation was conducted during October 1997 at JAAP. At this
site the Pb contamination was homogeneously distributed in a former lead azide
waste pond. A total of nine pushes were conducted and data regarding lead
contamination were obtained from all nine holes. Figure 18isa 3-D
representation of the distribution of Pb at the site.
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Figure 18. Lead concentration for pushes acquired at JAAP

Conclusion

Two unique LIBS technologies (i.e., probes) have been successfully
developed and field demonstrated for in situ field screening of heavy metal
contaminated soils. The DL-LIBS probe incorporates a laser in the probe, a
recessed window geometry, microwave soil moisture measurement, and soil
classification sensors. The FO-LIBS probe utilizes a unique fiber-optic laser
induced breakdown spectroscopy configuration and also incorporates soil
classification sensors. Although moisture is not measured by the FO-LIBS
probe, the detection limits can meet the EPA’s SSL’s for several key metal
contaminants in soil in near real-time. Investigations of calibration techniques
are underway which are expected to improve the quantitative capabilities of both
probes by accounting for soil matrix effects.

Transition

The DL-LIBS and FO-LIBS sensor systems have been transitioned to the
ESTCP Demonstration/Validation program under the SCAPS Heavy Metal
Sensor Project. An X-Ray fluorescence sensor developed by Naval Research
Laboratory is part of the same ESTCP program. This project will conduct side-
by-side demonstration/validations of the three direct push metal sensor systems.
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Upon completion of the ESTCP program, DL-LIBS and FO-LIBS technologies
are expected to be transitioned to Tri-Service, other government, and private
sector users.
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3 Research Area ll: Laser
Induced Fluorescence (LIF)

By:  Bruce J. Nielsen, (U.S. Air Force Research Laboratory)
Gregory D. Gillispie, Dakota Technologies Inc. (DTT)
Stephen H. Lieberman (SPAWAR)

Ernesto R. Cespedes (WES)
William M. Davis (WES)

Introduction

When the SERDP-funded SCAPS program was initiated in 1994, the
objective of this research area consisted of two distinct sensor development
efforts; the first was to improve and demonstrate the first- and second-generation
SCAPS LIF systems for improved detection of POL contaminants, and the
second was to evaluate photofragmentation/laser induced fluorescence (PF/LIF)
as a method for in situ detection of explosive contaminants in soils and '
groundwater. During the course of the SERDP project, it was determined that
the PF/LIF approach would not be feasible for SCAPS implementation because
(a) the technique would only work with explosives in the gas phase, (b) it could
not achieve the required sensitivities, (c) it would be inferior to the
electrochemical sensor probe developed in parallel as part of the SERDP SCAPS
project for vadose zone applications, and (d) it would not operate in the saturated
zone. As a result, the PF/LIF effort was discontinued in FY96 and a different
technology that incorporates a fiber-optic flow-through biosensor with an
improved groundwater sampler was approved to address the groundwater
problem. In addition, based on the poor sensitivities observed in laboratory and
field tests conducted under Research Area III - Fiber Optic Raman Sensors
(FORS) for detecting DNAPLS, an additional effort was added to Research
Area II to investigate the feasibility of using LIF to infer the presence of
nonfluorescing DNAPLS such as trichloroethylene (TCE) that are used to
dissolve POLs. This chapter describes the technologies developed under SERDP
sponsorship for detecting POLs, explosives, and DNAPLS via LIF, as well as the
flow-through biosensor for explosives in groundwater.
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POL Techniques

The first fielded SCAPS technology for in situ detection of chemical
contaminants was based on measuring the fluorescence of POL contaminants
when excited by pulsed laser light via fiber optics to raise molecules to excited
states. Several classes of organic, bio-organic, and inorganic molecules
subsequently return to lower energy states by emitting longer wavelength
fluorescence photons. For example, most fuels contain aromatic hydrocarbons,
almost all of which fluoresce over a broad range of wavelengths when excited by
an ultraviolet source. The original SCAPS LIF probe was developed during the
late 1980s by WES (U.S. Patent 5,128,882) and was adapted from a sensor
designed by SPAWAR researchers for seaborne applications. The first
generation SCAPS LIF probe was first field demonstrated in 1990 and has since
been extensively used to characterize U.S. Army, Air Force, Navy, and DOE
sites. In addition, this technology has been licensed to private industry, and a
number of commercial firms are currently using similar cone penetrometer
systems (U.S. Environmental Protection Agency (USEPA) 1995).

The first generation SCAPS LIF sensor, shown in Figure 19, consists of a
probe with dual fibers for excitation and emission and a flush-mounted 6.35-mm-
diam sapphire window for transmitting the laser illumination to the outside of
the penetrometer probe. The ultraviolet (UV) energy source for this system
consists of a pulsed nitrogen laser source with an output of 1.4 millijoules (mJ),
0.8-ns pulsewidth, 10-Hz repetition rate, at 337 nanometers (nm) (Lieberman
et al. 1991). This excitation source represented a mature, commercially
available technology that could be readily incorporated into a field LIF system at
the time that this effort was initiated in 1989. Another advantage of the 337-nm
excitation source, identified at that time, was that the attenuation of energy at
this wavelength is relatively modest, permitting transmission of the excitation
energy over fiber lengths of 100 m or more. This permits the LIF sensor system
to be used to the full push capability of the standard 20-ton penetrometer system
(i.e., approximately 50 m).

The system uses a spectrograph coupled to an intensified photodiode array
and OMA detection system. Because this system uses a diffraction grating to
disperse the fluorescence emission signal over a 1,024-diode array detector, it is
possible to read an entire spectral signature from the fluorescing fingerprint
signal with a resolution of 0.5 nm or better in approximately 16 ms. In practice,
the system usually integrates the emission from 10 to 20 laser shots which
require a total analysis time of from 1 to 2 secs to collect a fluorescence emission
spectral signature. In addition to the optical sensors, the probe also incorporates
geophysical sensors that provide continuous soil classification and stratigraphy
during the penetrometer push. The LIF probe is also equipped with a grouting
system that is used to seal the hole as the probe is being retracted to prevent
migration of contaminants between soil layers.

When advanced at the 2-cm per second standard push rate, the LIF probe
collects contaminant information and soil classification data with a spatial
resolution of 2 cm. Figure 20 presents an example of the data that are collected
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Figure 19. Cross-sectional view of the SCAPS LIF
probe, with a close-up of the optical window
(U.S. Patent 5,128,882)

by the SCAPS LIF probe. These plots, which are displayed in real-time during
the penetrometer push, show the geophysical sensor information which is used to
compute the soil classification vs. depth, as well as a summary of the LIF data
(fluorescence intensity and wavelength at peak vs. depth). This particular
penetrometer push indicates an area of significant POL contamination in a layer
4.2 to 4.4 m below ground surface. In addition to the data displayed in

Figure 20, the SCAPS data acquisition system collects and stores the complete
fluorescence spectrum (1,024 points from 270 to 800 nm) for each laser pulse (or
average of pulses). After a representative number of penetrometer pushes, the
geophysical and fluorescence data are used to develop a model of the subsurface
contaminant plume as shown on Figure 21.

A limitation of the 337-nm excitation source identified early in the SCAPS
development is that it does not induce fluorescence in single ring aromatic
compounds such as the BTEX (benzene, toluene, ethylbenzene and xylene)
components of fuels. In fact, the lightest weight polycyclic aromatic _
hydrocarbon (PAH) compound that is excited appears to be the disubstituted
naphthalene. In general, the 337-nm source is most effective for inducing
fluorescence in PAH's with three rings or more (Lieberman 1993). This lack of
capability of the nitrogen-based LIF sensor to detect BTEX and light fuels (e.g.,
JP-4, JP-5, and unleaded gasoline) has led to a number of efforts to test shorter
wavelength sources for incorporation into SCAPS. One of the second-generation
SCAPS LIF probes resulting from these efforts is a tunable LIF SCAPS probe
currently designated the Rapid Optical Screening Tool (ROST™). ROST™ was
originally developed for the U.S. Air Force Armstrong Laboratory (USAFAL),
Tyndall AFB, by North Dakota State University (NDSU), and Dakota
Technologies Incorporated (DTT), and produced commercially by Fugro
Geosciences, Inc., Houston, TX. The system was initially designed as a field
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Figure 20. Typical data output of the SCAPS LIF probe at a petroleum-
contaminated site

portable LIF sensor to analyze liquid samples containing aromatic hydrocarbons
and fuels in monitoring well applications. Subsequently, the sensor was installed
in a cone penetrometer probe, and field tested in a number of sites (Bratton,
Shinn, and Bratton 1993). The system makes use of a frequency-doubled
Nd:YAG laser to pump a dye laser whose output is then frequency doubled to
generate UV light in the range of 230 to 300 nm. In this system, the Nd:YAG
laser can also be used directly with harmonic frequency conversion to produce
266, 355, and 532 nm outputs. The advantages of these alternative excitation
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Figure 21. Three-dimensional visualization of LIF probe data, showing underground plume of

POLs

wavelengths include the capability to excite lighter-weight aromatic compounds
(one- and two-ring aromatic compounds) and to select in the field the most
appropriate excitation wavelength for the particular contaminant of interest and
the site-specific conditions. One penalty suffered by using shorter wavelength
excitation light in the cone penetrometer is that energy losses in the transmission
fiber increase dramatically at wavelengths shorter than 290 nm.

Unlike the fixed wavelength LIF system, the NDSU system uses a
monochromator, photomultiplier tube, and digital storage oscilloscope to detect
fluorescence. A major difference with this approach compared to the OMA
detector used by the original SCAPS LIF system is that in the dynamic or push
mode the detector measures the time decay or lifetime of the fluorescence signal
at a single wavelength selected by the monochromator. Full spectral-time decay
data matrices can be generated by moving the monochromator in 10-nm
increments and recording the time-dependent fluorescence signal at each
wavelength. With the present (50-Hz) laser system, this procedure requires
approximately 2 min. to collect a wavelength-time matrix (WTM) consisting of
21 different wavelengths with a spectral resolution of 10 nm (Gillispie and
St. Germain 1995).
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As part of this effort, researchers at SPAWAR developed and field-tested an -
improved POL sensor using a 308-nm XeCl laser system. The XeCl system
provides enhanced capability over the nitrogen laser for lightweight fuel ‘
products such as JP4 and JP5, etc. The 308-nm XeCl laser represents an
attractive alternative to the 290 nm commonly employed by the ROST system
because it is effective for exciting lighter-weight aromatic compounds, but it
does not suffer the energy losses in the transmission fiber that are experienced at
wavelengths shorter than about 290 nm. A practical advantage of the 308-nm
excitation source is that the laser is less expensive than the tunable Nd:YAG
pumped dye laser used by the ROST system and does not require flowing gas
used by the nitrogen laser system.

Based on successful field tests of the XeCl laser system conducted at NAS
North Island, the XeCl laser system was transitioned to Naval Facilities
Engineering Command (NAVFAC) and installed on two SCAPS systems
operated by Navy Public Works Centers in San Diego, CA, and Jacksonville, FL.
These systems are now in an operational status. An enhanced windows-based
software data/acquisition and processing system was also developed and field-
tested and transitioned to the Navy-operated SCAPS systems as part of this
effort. ' :

In collaboration with developers at MIT Lincoln Labs, SPAWAR System
Center also developed and evaluated a microchip laser-based LIF probe. The
advantage of the microchip laser system is that its small size permits generation
of 266-nm light in the probe. The “downhole” Nd:YAG generates 266-nm
excitation energy in the probe using 808-nm light generated at the surface and
delivered over a fiber. Because the 266-nm light is generated in the probe near
the sapphire window, there is little attenuation of the low wavelength excitation
energy. This permits efficient excitation of single ring aromatic compounds
(BTEX) not possible with longer wavelength excitation sources (e.g., 290 and
337 nm). The downhole Nd:YAG laser system was successfully field-tested for
first time at NAS North Island. A total of six pushes were done with the
downhole Nd:YAG laser probe at the fuel farm site. Emission spectra at some
push locations showed significant spectral shifts as the probe passed througha
layer of JP-5 contamination located near the top of the saturated zone, suggesting
compositional changes in the JP-5.

The microchip laser-based LIF probe was successfully transitioned to the
ESTCP Dem/Val program. Two demonstration validations were completed at
NAS North Island and Naval Construction Battalion, Pt. Hueneme, CA.

Phenomenology studies

A major thrust of this research area was aimed at improving the capabilities
of the SCAPS LIF sensors and involved developing a better understanding of the
phenomenology affecting the in situ fluorescence of POL contaminants in
various soil matrices. At the start of the SERDP project, the ROST and the

' SCAPS nitrogen laser fluorescence systems were already being successfully used

Chapter 3 Research Area ii: Laser Induced Fluorescence (LIF)

31



32

for field screening sites for subsurface POL contamination. However, the
question about the quantitative nature of the results is invariably raised. A better
understanding of the relationship between composition and total observed
fluorescence, the influence of the soil matrix, and other environmental effects is
needed. Researchers at USAFAL, DTI, and NDSU studied several important
phenomena that undoubtedly play a role. Their work began with a study of
quenching by ions dissolved in solution (relevant to groundwater studies), then
examined energy transfer in bulk fuels, and concluded with an investigation of
what the fluorescence would be in the absence of energy transfer and quenching.

Fluorescence quenching by ions

Brief literature review. Pioneering work in anion-induced fluorescence
quenching was performed by Jett and West. Férster also performed quenching
studies in the 1950's. He proposed that electron transfer was responsible for
energy transfer from anions to excited molecules.

In 1973 and 1974, A. R. Watkins published three articles that described the
quenching of aromatic hydrocarbons by butylated anions. He found the nitrate
ion’s quenching efficiency was between the iodide and bromide jons. Watkins
was also the first to propose a charge transfer mechanism involving anion-
induced radiationless transitions from the excited state mainly to the triplet state.
This was attributed to higher lying charge transfer states, implying that neither
the electron transfer mechanism nor the heavy atom effect were valid
considerations.

In 1978 and 1980, Japanese chemists Shizuka, Nakamura, and Morita
investigated Watkins’ results. They found no evidence of exciplex or excimer
formation. Linear Stern-Volmer plots were found and the group proposed that
the following electron transfer was the most plausible mechanism:

electron transfer 2A.2 X

1A* + 1X-<_ﬂ£"iiﬂn___>1A*o 001X-

In this mechanism 2A2X represents the charge transfer complex, where
1A*--1X" represents the collision complex formed from the interaction of the
polycyclic aromatic hydrocarbons (PAH) compound (A) and halide (X).
Shizuka, Nakamura, and Morita concluded that electron transfer is an important
step in the anion-induced quenching of aromatic systems. '

The debate was resumed by Mac and Najbar, Jagiellonian University,
Poland, with their studies of quenching of aromatic molecules by anions. They
propose the mechanisms are dependent on the DG between the inorganic ions
and the singlet excited PAH. For positive DG, the quenching efficiency is
higher with negligible temperature dependence. For DGs between 0 and -0.2 eV,
the fluorescence quenching is a temperature dependent electron transfer process.
For a DG < -0.25 eV, the electron transfer process dominates. Later papers by
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these authors further concluded that the fluorescence quenching is also
dependent on solvent polarity and the influence of solvent dielectric properties.

Stern-Volmer relationship. A simple system to study fluorescence
quenching and Stern-Volmer behavior was desired to test methods that would
eventually be applied to more complex systems involving other PAHs. We
began with naphthalene as the fluorophore and simple ions as the quenchers.
Preliminary literature searches have not located any articles that describe the
quenching of polynuclear aromatic hydrocarbons with simple cations and anions
in aqueous solutions.

The Stern-Volmer equation, which is the usual way to describe quenching
behavior, is briefly derived in the following text. Equation 1 expresses the
fluorescence lifetime in terms of the rate constants: k, (radiative processes), k,;
(nonradiative processes), k, (photochemical processes) and finally k,[Q]
(quenching rate x quencher concentration):

. 1
Tk K,k Q) M

.In the absence of a quencher, this equation simplifies to:

1
T = '
° (k +K, +Kp) 2

Equations 1 and 2 may now be combined to form the Stern-Volmer equation:

T
= =1+ (k, [Q]) | (3)
where
K = kq
i (kr + Knr + Kp)

K,, is the Stern-Volmer rate constant and is graphically determined from the
slope of a plot of (t/t -1) vs. quencher concentration. An alternative form of the
S-V equation is obtained by dividing both sides of the K, expression by k,.

% =1+, &, [OD (4)

The constant k,, which is simply the ratio of the S-V constant to the lifetime,
is of special interest because it can be related to the diffusion controlled rate

Chapter 3 Research Area II: Laser Induced Fluorescence (LIF)

33



34

constant (k,), which is a function of the specific solvent viscosity and
temperature, according to Equation 5.

ST ©®)

The efficiency of quenching is the ratio of the second order quenching rate
constant to the diffusion controlled rate constant.

-k
Quenching Efficiency = k—q : (6)
d

The k, for water at 25 °C is 6.6 x 10° M''s™!

Experimental procedure. A stock solution of 25 ppm naphthalene in water
was prepared. Concentrated aqueous stock solutions of NaBr, NaCl, and Nal
were also prepared. The salt solutions were diluted (Table 3 gives specific
concentrations) and then spiked with naphthalene. The final naphthalene
concentration was 2 ppm (1.54 x 10° M) in each case. Lifetimes were analyzed
for the 335-nm monitoring wavelength by the phase plane method. The quality

.of the lifetime fits was noticeably degraded for lifetimes shorter than a few

nanoseconds.

Results. Lifetimes were measured over a range of concentrations to
construct Stern-Volmer plots. Five acquisitions were averaged to obtain the
following data. The data are shown in Table 3. Stern-Volmer plots (Figures 22
through 24) for each ion follow. -

Table 3

Lifetimes, ns, of Naphthalene in Sodium Salt Solutions
Conc. [M] NaCl NaBr Nal

0 35.83 35.40 34.95
0.0005 32.00
0.005 16.08
0.01 10.37
0.05 2278 2.89
0.07 2.51
0.1 35.25 16.93 1.89
0.4 6.68

0.5 33.49 _

0.7 4.39

1.0 31.63 3.28
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Figure 22. Stern-Volmer plot of fluorescence lifetime of naphthalene
vs. concentration of quenching ion, Cl. These data are
presented in tabular form in Table 3
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Figure 23. Stern-Volmer plot of fluorescence lifetime of naphthalene
vs. concentration of quenching ion, BR". These data are
preseneted in tabular form in Table 3
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Figure 24. Stern-Volmer plot of fluorescence lifetime of naphthalene
vs. concentration of quenching ion, I. These data are
preseneted in tabular form in Table 3, note that the 0.05M
data point is not included on the graph

The quenching rate constants and efficiencies for each of the ions were
tabulated. See Table 4 for results. The units for k  and k, are M-s? or L/mol s.

Table 4

Quenching Rate Constants and Efficiencies of Anions
Quenching fon Quenching Rate COhstant Efficiency = ky/k,
(Compound Used) (Correlation Coeff.) (in percent)

Cl' (NaCl) 3.64 x 10° (0.9996) 0.0549

Br- (NaBr) 2.78 x 10° (0.9993) 4.21

I"(Nal) 5.20 x 10° (0.9946) 78.8

Discussion. Two proposed mechanisms for quenching by ions in polar
solution are electron transfer and the external heavy atom effect. We believe
that the quenching is caused by the heavy atom effect. The dependence of the
quenching rate on the atomic number, z, of the quencher is of interest. The intra-
atomic spin-orbit coupling matrix element is predicted to follow a z*-
dependence. At most, the quenching should be proportional to the square of the
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matrix element, making for a z* dependence. The z-dependence can be found
from a log-log plot as shown in Figure 25. The slope from this graph equals the
z-dependence, which in this case is approximately 6.4. There are many reasons
why the idealized z*-dependence is not expected, including the fact that we are
not dealing with point particles and that solvent interactions are ignored.

Plot k vs. z for the Cl, Br and I* lons
*lodide calculated assumed S-V behavior
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Figure 25. Plot of log (quenching rate constant) vs. log (nuclear charge) results
indicate a z* dependence; ideal heavy atom quenching would
show z® dependence

Quenching studies may also be run using steady-state fluorescence and the
data interpreted using the following equation.

)

T - I = K, [Q] Intensity Data @)
- where
st = kq rO

A comparison of the results of time resolved fluorescence lifetime data
(TRF) vs. steady state (SS) is shown in Table 5. Note that when measurements
can be carried out, as in the case of Mn™, the agreement between the two
methods is good. In certain cases, steady state measurements are not feasible
because the absorption spectrum of the quencher overlaps the absorption of the
fluorophore. The result of the ‘inner filter effect’ of overlapping absorption is
that I, (see equation above) in effect becomes a function of the quencher
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concentration. In extreme cases, as with Cu**, the quencher absorbs enough of
the excitation light to completely eliminate any fluorescence from the

- naphthalene.

Table 5

Quenching Rate Constants and Efficiencies of Transition Metals

Quenching lon
{Compound Used)

Quenching Rate Constant
(Correlation Coeff.)

Efficiency = k/k,
%

Cu®* (CusSO,) TRF 7.56 x 10°(G) 115
Cu® (CuSO,) SS N/A N/A
Mn?* (MnSO,) TRF 1.50 x 10%(G) 2.27
Mn®* (MnSO,) SS 1.53x 10° 23

G = Global Analysis Required

Energy transfer in solutions

We now turn our attention to the fluorescence of bulk fuels, such as
gasoline, diesel, and jet fuel. Most of the work has been done for diesel.
Chemical analysis of diesel fuel suggests that the main contributors to the
fluorescence excited around 290 nm are naphthalene, anthracene, phenanthrene,
and fluorene. However, within each class there are many different compounds
that differ in the position of alkyl substituents. We have always been struck by
the relatively low contribution of naphthalenes to the diesel fuel fluorescence
even though they are a major component. It has been proposed that the reason
diesel fluorescence observed contains little naphthalene is attributed to energy
transfer mechanisms.

Experimental procedure. Methanol solutions containing 10°M
naphthalene with concentrations of 107, 10, and 10°M phenanthrene were
prepared. The naphthalene concentration was kept low to avoid energy transfer
to itself. Time resolved fluorescence emission scans were taken over a range
from 300 to 500 nm in steps of 5 nm. The fluorescence lifetime (t) was
determined at a sufficiently short wavelength (330 nm) so that only naphthalene
would contribute. Five acquisitions were averaged to obtain the following data.
The results for each of the different concentrations of naphthalene are presented
in tabular form in Tables 6 through 8. The results of each study were also
graphed (see Figures 26 through 28).
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Table 6

Phenanthrene Solution

Lifetimes of Naphthalene (Concentration = 0.001M) in

Phenanthrene Solution

Phenanthrene Conc. [M] Lifetime in ns (c3) (tsh -1

0 14.83 (0.0000792) 0

0.00001 14.70 (0.000262) 0.0088435
0.0001 14.29 (0.0001409) 0.037789
0.001 10.24 (0.003376) 0.44824
Table 7 :

Lifetimes of Naphthalene (Concentration = 0.0001M) in

Phenanthrene Solution

Phenanthrene Conc. [M] Lifetime in ns (c) (M) -1

0 14.74 (0.000395) 0
0.00001 14.03 (0.000239) 0.050605
0.0001 12.24 (0.0012) 0.20425
0.001 5.81 (0.0020) 1.5370
Table 8

Lifetimes of Naphthalene (Concentration = 0.00001M) in

Phenanthrene Conc. [M] Lifetime in ns (c? {t,/t) -1
0 13.42 (0.000409) 0
0.00001 11.63 (0.0025) 0.15391
0.0001 7.54 (0.0052) 0.76812
0.001 6.65 (0.0048) 1.1404
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Figure 26. Stern-Volmer plot of fluorescence lifetime of
naphthalene (0.001M) vs. concentration of
phenanthrene solution
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Figure 27. Stern-Volmer plot of fluorescence lifetime of
naphthalene (0.0001M) vs. concentration of
phenanthrene solution
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Figure 28. Stern-Volmer plot of fluorescence lifetime of
naphthalene (0.00001M) vs. concentration of
phenanthrene solution

The slope of the graphs, quenching rates, and correlation coefficients of the
three sets of data are tabulated in Table 9.

Table 9
Slope of the Graphs, Quenching Rates, and Correlation
Coefficients of the Data

Data Set Slope Quenching Rate, k, Correlation Coefficient
0.001M  Naphthalene 486 3.24x 10" 0.9998

0.0001M Naphthalene 1511 9.98x 10" 0.9995

0.00001M Naphthalene 902 6.01 x 10" 0.838

k, (Methanol) = 1.10 x 10%

Conclusion. If strict Stern-Volmer quenching kinetics were active in this
system, the three quenching rate constants, k,, should be equivalent to within
experimental error. As is evident, the agreement is poor. In addition, few of the
decay profiles could be fit with a single exponential. The diffusion controlled
rate constant for methanol at 25 °C was calculated to be 1.18 x 10'° M's™. This
means that the apparent efficiency of quenching is 256 percent. Nevertheless,
energy transfer from naphthalene to phenanthrene is exceedingly efficient. Even
low concentrations of phenanthrene, far below what are found in diesel fuel,
affect the lifetime of naphthalene. At 0.001 M phenanthrene, already about one-
third of the naphthalene fluorescence is quenched. If quantitative analysis of the
diesel fuel composition were obtained, further validation of quenching of diesel
fuel fluorescence could be performed. There are other PAH components that
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exist in diesel fuel, fluorene, and anthracene. Separate energy transfer systems
with these molecules could also be investigated.

The possibility of exciplex formation in a toluene solution of naphthalene
and phenanthrene was investigated. Emission spectra of each analyte were
studied separately and compared to the emission spectrum of the mixture. If
energy transfer is not active, the emission spectrum of the mixture would be a
linear combination of the two separate emission spectra. If exciplex formation is
involved, fluorescence from the complex should be observed as follows:

N +hv—=N"~ (8)
N*+P —(N **eP)" —N +P +hv (“Exciplex”)

No fluorescence was detected which could be attributed to exciplex
formation. A normalized linear combination of the naphthalene emission
spectrum and the phenanthrene emission spectrum matched the emission
spectrum of the mixture with no additional long wavelength fluorescence noted.

Fuel fluorescence in solids

Naphthalene and phenanthrene isolated in Zeonex™ polymer film. To
understand the fluorescence spectrum of a fuel on soil, it is necessary to
understand the intrinsic fluorescence properties of the fuel components and the
effect of the interaction with the adjacent soil matrix on those fluorescence
properties. Typically, the fluorescence properties are studied for individual
components in a dilute liquid solution. In a solid matrix there are many more
opportunities for energy transfer and quenching. It would be advantageous to
incorporate the fuel components in a solid matrix that still allowed the individual
species to fluoresce independently. Such a sample would also be useful as a
reference material. We have found that Zeonex™, an amorphous polyolefin, has
favorable properties for such an application. Zeonex™ appears to be an

* attractive alternative to other plastic hosts such as polymethyl methacralates

(PMMA).
Important features of this material include:
a. Good UV transparency properties.
b. Large solvent and chemical resistance.
c. Low water absorption and permeability.
d. Heat resistance high relative to other imbedding agents.

e. Low levels of impurities.
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Thin films can be cast on glass plates from a stock solution of Zeonex™
beads dissolved in spectrophotometric grade toluene. Film thicknesses of 20 to
30 um are convenient. The fluorescent species can be dissolved into the
Zeonex™ stock solution before the films are cast.

Naphthalene results. Fluorescence wavelength time matrices (WTMs)
were acquired for naphthalene imbedded in Zeonex™, naphthalene in
Zeonex™/toluene solution, and a blank Zeonex™ sample. The data closely
resembles fluorescence observed for naphthalene in solution. The contour plots
in Figure 29 represent the fluorescence from 300 to 400 nm. A large difference
in the time decay is qualitatively observed between the two matrix
representations seen below.
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Figure 29. Contour fluorescence WTM of naphthalene imbedded into
Zeonex™ (#1) and Zeonex™/toluene solution (#2)

Figure 30 shows the fluorescence lifetime data with the emission excited at
290 nm and monitored at 330 m. The fluorescence waveform obtained from the
film impregnated with naphthalene is shown along with an excitation laser
profile. Analysis of the waveform yields a fluorescence lifetime of 99.16 ns. No
signal was generated by the clean film.

The fluorescence lifetime of the naphthalene in the solid Zeonex™ matrix is
similar to the lifetime observed in a degassed alkane solution. For example, the
naphthalene fluorescence lifetime in air saturated heptane is 8.6 ns. Degassing
the heptane solution with nitrogen increases the lifetime to 113 ns. The increase
in decay lifetime is attributed to a decrease in oxygen quenching in the degassed
solution. Consequently, we infer that the naphthalene is in an oxygen poor
environment when impregnated in the Zeonex™. This is reasonable if oxygen
diffusion through the material is slow.
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Zeonex Lifetime at 330nm = 99.16ns
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Figure 30. Fluorescence lifetime of naphthalene in Zeonex™
film

Laboratory investigations were conducted to determine whether oxygen
could be “pumped” out of the film to observe a longer lifetime. Films were
placed in a vacuum desiccation chamber connected to a roughing pump capable
of evacuating to a few millitorr. The films were pumped for as long as 1 hr, then
removed and spectra immediately acquired. No difference from the lifetime
before pumping was observed.

There appears to be no appreciable lifetime difference in the naphthalene
Zeonex™ samples prepared under nitrogen conditions and those prepared under
atmospheric conditions. The fact that the samples have approximately the same
lifetime indicates similar fluorescence emission environments for each sample.
Even though oxygen may be present in different quantities, it does not quench
the fluorescence because the molecules are locked into a physical space.
Therefore, under vastly different preparation conditions the lifetimes remain the
same, yielding a similar t, for naphthalene in Zeonex™. This fact will be
beneficial if samples are archived. There would be little effort necessary to
obtain similar preparation conditions. Our conclusion is that the Zeonex™ films
strongly exclude oxygen as they cure.

The WTM:s were subjected to lifetime analysis across the range of
wavelengths. Lifetimes of naphthalene in solution and naphthalene imbedded in
the matrix were calculated by phase plane analysis across the maxima
(Table 10).

Plots of In(I) versus time were linear, indicating single exponential decay.
The good precision in the lifetimes is also indicative of this fact. As originally
predicted, the lifetimes are longer. This can be attributed primarily to protection
from oxygen quenching.
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Table 10

Lifetimes of Naphthalene in Both Environments

Wavelength, nm Lifetime, ns, in solution Lifetime, ns, in matrix

330 15.97 97.75

340 16.06 96.80 .
350 16.22 96.85

360 15.93 97.36

Phenanthrene results. A WTM of the phenanthrene impregnated film is
shown in Figure 31 (top left). The fluorescence spectrum shown in Figure 31
(bottom left) is a slice of the WTM at the time of maximum intensity. Figure 31
(right) shows the fluorescence decay profile obtained at 350 nm. Lifetime
analysis yields a fluorescence lifetime of 52.9 ns for the phenanthrene in the
Zeonex™ film.
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Figure 31. WTM of phenanthrene impregnated film (top left); slice of WTM
at the time of maximum intensity (bottom left); fluorescence
decay profile at 350 nm (right)

The linearity observed for the In(I) versus time plot indicates that a single
exponential fit of the fluorescence decay is appropriate, Figure 32.

Fluorescence data were also obtained from the solution, before the film was

cast (Figure 33). The fluorescence spectrum is very similar to that obtained from
the film. The fluorescence lifetime of phenanthrene in the solution is
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Figure 32. Ln(l) vs. time for phenanthrene imbedded sample

(at 350 nm)
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Figure 33. WTM of phenanthrene/Zeonex™ solution (top left); slice of WTM
at the time of maximum intensity (bottom left); fluorescence
decay profile at 350 nm (right)

considerably shorter than that in the dried film. The lifetime obtained in the
solution was 15.05 ns.
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These studies are an important first step toward understanding the
fluorescence observed in solid matrices (i.e., soils). Other than oxygen
solubility, the Zeonex™ has little effect on the interaction between the
fluorescent species found in the fuels.

Fuels in Zeonex™. The next step was to compare fluorescence from diesel
and jet fuel embedded in Zeonex™. Significant wavelength differences from the
fluorescence spectra of the bulk fuels are expected if the Zeonex™ prevents the
energy transfer that occurs in solution.

Figure 34 represents the fluorescence from neat diesel fuel and from diesel
fuel isolated in a Zeonex™ film. Diesel fuel is a multicomponent mixture with
many different aromatic fluorophores contributing to the fluorescence. The most
likely contributors are molecules in the classes of fluorene, naphthalene,
phenanthrene, and anthracene. Evidence is clearly seen for energy transfer from
naphthalene to phenanthrene being turned off in Zeonex™ films. The isolated
naphthalene molecules are no longer able to transfer their energy and a larger
signal in the naphthalene region (320 to 330 nm emission,,,,) is therefore
observed.

0.9" 1
0.8 L e 1
0.7" B 1
So06- : .

0.3~ / : . b

02 / P e Flim Fluorescence N 4
] S Neat Fuel Fluorescence -

0.1 ’.‘w‘ .,\...A e -

1 1

300 350 400 450
Wavelength (nm)

Figure 34. Normalized fluorescence of diesel of Zeonex™ (left) and neat
diesel (right)

. The difference between the fluorescence spectra of the imbedded diesel and
neat diesel is quite dramatic. It does not appear that the shift can be attributed to
the difference in molecular environments. A comparison in the shoulders of
both spectra at 380, 400, and 420 nm indicates little shift in the spectra.

The differences are especially noticeable in the phenanthrene emission
region from 350 to 400 nm. This is credited to a much lower mass ratio of the
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diesel. Mass ratio (MR) refers to the weight ratio of diesel to Zeonex™. As the
mass ratio increases, the spectra begin to acquire a more "phenanthrene like"
emission (Figure 35).
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Figure 35. Increasing mass ratios of diesel in Zeonex™

The nature of these spectral changes remains unknown. Two possibilities
are: (a) energy transfer is still occurring and/or (b) there is competition for
photons among the fluorophores. The higher mass ratio samples (i.e., 0.5 MR
and 1.0 MR) did not have their solvent completely evaporated. For this reason,
it is plausible that energy transfer may still be occurring.

Because of the complex chemical nature of diesel fuel, tests were also
performed on a simpler two component system of naphthalene and phenanthrene
imbedded into Zeonex™. These molecules were chosen because they represent
two of the four largest contributing aromatic fluorophores. By measuring the
fluorescence and calculating their individual lifetimes, we should be able to
distinguish if energy transfer is occurring within the film.

The WTMs of both samples (Figures 36 and 37) resembled the “sailfish”
WTM pattern observed for diesel fuel.

Jet fuel (JP-5) which is composed largely of naphthalene was also

investigated. New films were cast with JP-5 in Zeonex™ and Zeonex™/toluene
mixture. The JP-5 fluorescence is represented in Figure 38. The data indicate
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Figure 37. WTM of the 0.1 mass ratio sample of diesel in Zeonex™
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Figure 38. Contour fluorescence WTM of JP-5 imbedded into
Zeonex™ (#3) and contour fluorescence WTM of JP-5
dissolved in Zeonex™ /toluene solution (#4)

no wavelength shifts, only lifetime differences. This once again is likely to be
protection from oxygen quenching. Attempts made to determine lifetimes with.
phase plane analysis met with little success. A global analysis was performed on
the sample with approximate lifetimes of 6 ns and 54 ns extracted. Itis
presumed that the longer component is some naphthalene contribution. The
shorter-lived component cannot be ascribed to one chemical species.

Resonance Enhanced
Multi-Photon lonization (REMPI)

Background. When a molecule reaches its ionization continuum by photon
absorption, it liberates an electron and leaves behind a positive molecular jon.
These charged species, and/or other charged species generated by subsequent
electron capture and/or ion-molecule reactions, can be efficiently collected and
detected at biased electrodes. In the conventional photoionization detectors
(PIDs) that are commonly used for gas chromatography, the ionization source is
a vacuum ultraviolet lamp which provides sufficiently energetic photons (on the
order of 10 eV) to promote molecules directly to the ionization continuum.

In a multi-photon ionization process, the energy from more than one photon
is required. An N-photon MPI event can occur if the sum of the energy from the
N photons exceeds the molecular ionization energy. However, the ion
generation efficiency is dramatically enhanced whenever the molecule proceeds
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through an excited state (a “resonance”) generated by conventional one-photon
absorption during the MPI process. The simplest REMPI processes are those of
the 1+1 type, in which one photon is absorbed to create the resonance, from
which absorption of only one more photon is necessary to reach the ionization
continuum.

An important advantage of the REMPI technique over other ionization-based
methods (e.g., PID, FID, and other GC detectors) is that the pulsed laser source
forms the ions at a well-defined time. Under this circumstance, gated detection
with a boxcar averager or digital oscilloscope contributes additional sensitivity
and noise reduction over what is possible with a simple DC current
measurement. It should be noted that the REMPI process depends on the square
of the photon irradiance (number of photons passing through unit area per unit
time). For this reason, pulsed lasers are essential to the REMPI process.

The application of REMPI in laboratory-based systems is generally reported
in the literature. A real-time (<100 ms) time-of-flight (TOF) mass spectrometer
analysis system for auto engine combustion products based on REMPI was
developed (Weickhardt et al. 1994). A small amount of the engine exhaust is
passed through a cannula to a gas valve that opens for 1 ms injecting the gas into
the high vacuum chamber of the mass spectrometer. They analyzed 25 exhaust
gas components by MPI including toluene, xylene, and benzene. Another group
or researchers (Cool and Williams 1992) demonstrated the detection of
chlorinated hydrocarbons using REMPI in a TOF pulsed molecular beam
apparatus. They determined detection limits from 0.5 to 40 ppbv for vinyl
chloride, 1,1 dichloroethylene, 1,2-dichloroethylene, TCE, and
tetrachloroethylene.

A few examples of measurements at or near ambient pressure are reported in
the literature. Trace amounts of nitric oxide (NO) in a partial pressure (560
mbar) of nitrogen carrier gas using REMPI were detected (Guizard et al. 1989).
The use of MPI combined with laser photofragmentation to detect trace vapors
of NO, NO,, HNO,, and CH,NO, at ambient pressure was demonstrated
(Simeonsson, Lemire, and Sausa 1994). They have patented the technique for
laser-based detection of nitro-containing compounds, U.S. Pat. No. 5,364,795.
Detection of nitroaromatic compounds, used in explosives, by REMPI detection
of NO was determined (Marshall et al. 1994). However, all of these applications
require large and expensive lasers as the source of the ionizing photons. The
REMPI detection approach discussed below involves direct measurements in the
air under ambient conditions and is therefore extremely simple in operation. The
feasibility of measurements at atmospheric pressure in moist air has already been
proven. In September 1996, Dr. Orven Swenson, NDSU, participated in a
summer program at Tyndall AFB in the Armstrong Laboratory Environics
Directorate. At the end of his stay, Dr. Swenson demonstrated detection of
aniline and styrene at the 1 ppbv level with an ROST system built by DTL.

Scope/Approach. The REMPI is widely applied in research laboratories as

a means to study and characterize the energy levels of molecules. The laboratory
studies almost invariably involve high vacuum TOF and supersonic molecular
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beam systems, in fact, to such a degree that it is often assumed that REMPI
requires high vacuum conditions. However, the utility of REMPI for ambient air
measurements was demonstrated almost 20 years ago and then more or less
forgotten until recently.

Tremendous progress has been made over the course of the SCAPS Program
in terms of understanding the nature of the REMPI phenomenon, in particular
the process by which the ions are collected at electrodes. Four papers related to
REMPI detection have been published or are in press (Swenson and Gillispie
1996; Swenson, Gillispie, Cooper, and Dvorak 1997; Swenson, Gillispie, and
Walls 1997). This section highlights selected results from those papers.

There have also been two highly promising spinoffs from the REMPI work:
ion mobility spectrometry (IMS) (particularly with a photoemissive source of
electrons) and a new laser source which promises to dramatically drop the cost
of making measurements, both downhole and for air quality purposes.

The IMS work will be continued by Dr. Swenson and the NDSU Physics
Department. The laser source work relates to our recognition of a serendipitous
match between the output of an Nd:KGW laser and two absorption features of
benzene and toluene.

Figure 39 shows the absorbance spectra of benzene, toluene, ethylbenzene,
and p-xylene taken at approximately 0.1 nm resolution with a conventional
laboratory spectrophotometer. Note that both benzene and toluene show a
narrow absorbance feature with a maximum near 266.7 nm. The spectra of
ethylbenzene and p-xylene (and other alkylated benzenes) are not as well
resolved, but all absorb light near this wavelength.

Secondly, note that the absorbance of benzene is at least 20 times lower at
266.0 nm compared to 266.7 nm, and the absorbance of the other species is
reduced also. The significance of the 266.0-nm wavelength is that it corresponds
to the fourth harmonic of an Nd:YAG laser, the most common solid state pulsed
laser. To a first approximation, the relative intensity of the REMPI spectrum as
a function of wavelength matches the conventional absorbance spectrum. Thus,
the use of the Nd:YAG fourth harmonic in a REMPI apparatus exacts a high-
sensitivity penalty. Having recognized the desirability of the 266.7-nm
wavelength over 2 years ago, we embarked on an exhaustive search for a laser
source which could provide that wavelength with comparable convenience,
performance, and size to commercially available Nd:YAG lasers. In the
meantime, we continued our laboratory investigations, first with the frequency-
doubled output of a coumarin dye laser pumped with the 355-nm third harmonic
of an Nd:YAG laser, and later with an optical parameter oscillator (OPO)
system. In addition to cost and size restrictions, the problem with the coumarin
dyes is that they degrade over a few hours and are not as efficient as the
rhodamine dyes which are used in the ROST. Too much time is spent
maintaining the dye laser to make this approach satisfactory for routine use. The
OPO system, which is also pumped by the Nd:YAG third harmonic, is all solid
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Figure 39. Normalized absorbance spectra of BTEX

state and therefore more reliable than a dye laser system, but its output is too
sensitive to temperature fluctuations and the input pump power.

For these reasons, we performed a study in which the individual components
of a mixture were eluted with a Gas Chromatograph (GC) and simultaneously
recorded with a conventional PID and the REMPI detector. An early study
(Klimcak and Wessel 1980) had used a GC to separate mixtures of aromatic
hydrocarbons and detect them via REMPI. Detection limits on the order of 10
pg were found for the aromatic hydrocarbons anthracene, phenathrene,
benzanthracene, acenaphthene, naphthalene, and assorted halonaphthalenes and
showed spectral differentiation between co-eluting anthracene and phenathrene.
This shows that the REMPI detector should be capable of reliable, defendable
results even when operated in a field configuration. We further show
encouraging results for freedom from interferences. The REMPI detector gives
virtually no response under the usual operating conditions to aliphatic
hydrocarbons, alcohols, and other possibly interfering species. It can be very
specific for BTEX.

Experimental section. All of the results reported herein were acquired with
a portable bread board REMPI apparatus. The third harmonic of an Nd:YAG
laser (Quantel Brilliant B) pumped an OPO. The Nd:YAG pump laser and OPO
were mounted on a wheeled cart along with the REMPI flow cell and digital
storage oscilloscope signal processor. The signal beam emerging from the OPO
was frequency doubled in a BBO crystal (266.8 nm). The ultraviolet light
around 266 nm was separated from residual 355-nm pump light, the undoubled
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output of the OPO, and the idler beam with a Pellin-Brocca prism and softly
focused with a 50-cm lens through the center of the REMPI cell. The UV light
passing through the cell was directly monitored with a pyroelectric detector, and
the REMPI signal was corrected by dividing it by the square of the laser pulse
energy (approximately 200 pJ). A diaphragm pump was used to draw room air
through the flow cell at 900 mL/min. The air passed only through a Teflon tube
probe before passing through the flow cell. The flow cell was under atmospheric
pressure and the 2-cm diam/1-cm separation parallel plate electrodes were biased
with a 300-volt battery. The waveforms were averaged over 64 laser shots,
stored on a Tektronix 360 digital storage oscilloscope, and downloaded to a
floppy disk.

The GC comparison was performed with an SRI GC with a 15-m long, 0.53-
mm ID column. Mixtures of benzene, toluene, ethylbenzene, and p-xylene in
methanol were directly injected. The column was held at 40 °C for 3 min after
the injection and then ramped at 12 °C/min to 80 °C. The effluent was passed
from the SRI PID through a 0.8-mm ID, 0.75-m stainless steel tube at room
temperature and introduced in between the REMPI electrodes with a Teflon tube
extension. The 2-cm diam/1-cm separation copper REMPI electrodes were in a.
Teflon holder mounted inside a small metal box along with the preamplifier
circuitry to shield them from radio frequency (RF) noise.

Closed-loop calibration curve. Calibration curves were generated by
injecting vapor with a gas tight syringe into a 5-L flask from which vapor is
pumped in a closed loop through the REMPI cell. A dye laser pumped by an
Nd:YAG laser was used for those studies. The vapor containing the analyte of
interest was extracted from the headspace above the corresponding liquid. A
portion of a similar calibration curve, but now acquired with the portable OPO
REMPI system, is shown in Figure 40. Three acquisitions were made at each
concentration.

Specificity/interference test. A comparison was made of the REMPI
detector response to commonly used organic solvents. The probe was fixed in a
lab stand to sample at the opening of the solvent bottles with the results
displayed in Figure 41. This was set up next to a fume hood and the room air
BTEX background was high due to solvents in the hood. No change was seen in
the signal except for the m-xylene and benzene. The m-xylene was sampled at a
distance of 1.5 m from the open bottle.

Comparison with GC detector. The benefits of introducing the GC into
the experimental procedure, in comparison to the previously used procedure in
which vapor is injected into a reservoir and gas circulated through the cell
include: '
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Figure 40. Toluene calibration for REMPI detection using a
closed loop injection system
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Figure 41. Comparison of REMPI detection of common solvents, the maximum
peak-to-peak values have been corrected for the laser pulse energy
variations
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a. Samples at low concentrations/masses can be introduced more reliably
into the REMPI cell. It is very difficult to reliably prepare samples at
ppbv levels with other techniques because of adsorption losses.

b. We can study several different analytes at once and in doing so, test the
effect of changing the laser wavelength. These experiments show that
speciation of benzene and toluene from the other benzenoid species is
possible with a small number of wavelengths.

¢. We can show that the REMPI detector meets all the desired criteria of an
analytical instrument: good precision, wide linear dynamic range, and
low limits of detection.

We used the conventional PID and our REMPI detector to measure
chromatograms simultaneously as a mixture of benzene, toluene, ethylbenzene,
and p-xylene in methanol was eluted. We performed two sets of experiments. In
one set, the OPO wavelength was fixed at 266.7 nm, which coincidentally
matches sharp absorbance features of benzene and toluene and corresponds to
reasonable absorbance of the other benzenoid species. We believe this may be
the optimal wavelength for a fixed wavelength system for screening purposes.
The second set of experiments involved variation of the laser wavelength in a
narrow range around 266.7 nm, to investigate the possibilities for speciation.

The PID and REMPI chromatograms at a relatively low concentration of
injected BTEX are shown in Figures 42 and 43. We wanted to have comparable
REMPI signals for all four species in the mixture. We used solutions in which
the benzene was 10 times more concentrated than the other species because
266.7 nm corresponds to a weak absorbance feature of benzene, with only about
5 percent of the signal of the strongest REMPI bands around 260 nm. Because
the PID detector has comparable response factors for all four species, the
benzene peak is much stronger in the PID chromatogram.

Background and impurity. Each injection involved 2 uL (approximately 2
mg) of methanol, approximately four to seven orders of magnitude more than the
BTEX species. Even though the PID sensitivity is far higher for BTEX than for
methanol and we have chromatographic separation, the tailing of the methanol
peak is still evident in the PID chromatogram. Although we did observe an
effect of the methanol passing through the REMPI cell also, it was much less.
Moreover, the methanol levels in these experiments are far higher than we would
expect to find in a real-world scenario. (Note the peak eluting at about 220 sec
in the PID chromatogram. It apparently corresponds to some impurity in the
mixture. We have not attempted to identify its chemical nature, but this does
partially illustrate the selectivity of the REMPI detector.)

Resolution. The REMPI spectrum is not as well-resolved as the PID.
Because of the low repetition rate of the OPO (10 pulses/second) and the slow -
data transfer time of the inexpensive digital storage oscilloscope used for these
experiments, a datum was acquired only every 2.3 sec during the chromatogram
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Figure 42. GC chromatogram using PID detection for injection of 10 ng
benzene and 1 ng each of toluene, ethylbenzene, and p-xylene
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Figure 43. GC chromatogram using REMPI detection for injection of 10 ng
benzene and 1 ng each of toluene, ethylbenzene, and p-xylene
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versus 1 sec for the PID. It will be possible in the future to reduce the time per
point to a small fraction of a second.

Calibration curves. Simultaneous PID and REMPI chromatograms were
measured for injections of toluene, ethylbenzene, and p-xylene in the range of
0.25-20 ng. The corresponding benzene masses were 10 times greater. A
correlation of the REMPI and PID results on a log-log format is shown in
Figure 44. The ethylbenzene (E) and p-xylene (X) features were treated together
as a single component in this analysis owing to their overlap. If one assumes the
PID data represent a primary standard, then “perfect” REMPI performance
would be a straight line with a slope of one for each component. The linear
behavior is found, but the observed slopes are 0.88 for toluene, 0.91 for
ethylbenzene + p-xylene, and 1.17 for benzene. The deviation from unit slope is
presumably due to a nonlinearity in the response of one or both detectors. For
reasons which are not completely understood at this time, the scatter in the data
is significantly higher for toluene than for the other components. It appears that
wavelength drift of the OPO during a 3-hr interruption in the data collection is a
contributing factor, but a more in-depth analysis is hampered by the relatively
broad spectral output of the OPO (see below).
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Figure 44. Correlation of PID and REMPI detectors using simultaneous
GC chromatographic detection

Wavelength dependence of the REMPI chromatograms. The relative
absorbance spectra, normalized to the highest value occurring in the wavelength
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range between 265.5 and 267.5 nm were shown in Figure 39. The nominal
resolution of the spectrophotometer used in these measurements is 0.1 nm, and
the digitized data were taken in increments of 0.1 nm. We note several
important features:

a. Benzene and toluene have nearly coincidental absorbance features near
266.7 nm.

b. Ethylbenzene and p-xylene also absorb well at about the same
wavelength.

c. The corresponding absorbencies at 266.0 nm, corresponding to the
fourth harmonic of Nd:YAG, are substantially lower, particularly for
benzene.

The absorbance spectra are an excellent guide to what is possible with
REMPI. We have previously shown that there is an excellent overall
correspondence between the REMPI spectra and conventional absorbance
spectra for benzene and toluene, which shows that the selectivity of 1+1 REMPI
is predominately associated with the excitation of the initial resonance, not the
second (ionization) photoprocess. However, the REMPI spectra we recorded
with the frequency doubled dye laser show slightly narrower features than in the
absorbance spectra, indicating that the conventional absorbance spectra are
instrument limited. The OPO used in these studies is relatively broad band. We
measured output profiles with a monochromator and found bandwidths of 0.1-
0.2 nm (of the frequency doubled output). In addition, the band profiles tended
to be asymmetric in what appears to be random fashion. For this reason, we
cannot comment in detail at this time on the ultimate degree of speciation which
may be possible for real-time measurements by rapidly changing the laser
wavelength. Nonetheless, the REMPI spectra generated from the GC
chromatograms as the wavelength was varied for repeat injections of the same
mixture are encouraging. These spectra are shown in Figure 45. It appears that
a very good separation of the combined benzene/toluene contribution to the total
REMPI intensity can be gained with a very small switch of the wavelength from
266.7 nm to about 266.5 nm. Similarly, a move of the wavelength of the
ionizing radiation to 266.9 or 267.0 nm could be used to separate the benzene
contribution.

Conclusion. We have demonstrated the extremely high promise of 1 + 1
REMPI for the detection of BTEX in air using a field deployable instrument.
These results show that a portable BTEX detector is feasible to measure air
concentrations at or below 1 ppbv. Interferences from common solvents such as
methanol, aliphatic hydrocarbons (e.g., hexanes or heptane), and acetone are
very low. Component discrimination and verification of "hits" can be
accomplished by changing the laser excitation wavelength as well as via ion

"mobility spectrometry.

C